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In many cases the lighting conditio 
I co docking, and withdrawal can be considerably improved by rotating 

T- the S-IVB about the antenna axis to a preferred position. Giving 
\- 
0 the S-IVB communication constraint first priority, the LM with- 

rawal illumination constraint will not be satisfied for lunar 
anding sites east of about 3 O  west longitude in the worst case,  
nd will not be satisfied f o r  sites east of about 7' east longi- 
ude in the best case. The best case corresponds to translunar 
rajectories having high inclinations relative to the lunar 
rbit plane. 

Hardware modifications involving the use of springs 
o r  separating the S-IVB from the spacecraft and for ejecting 
he SLA panels are under consideration. These modification$, if 
ade, will allow relaxation of the withdrawal illumination con- 
traint. I 

The relationships between lighting and communication 
onditions in view of present constraints during the transposition, 
ocking, and withdrawal maneuver of.the Apollo mission are ana- 
yzed using a simplified physical model. Five constraints are 
considered: (1) Satisfactory communication between the earth 
and the S-IVB during the transposition and docking maneuver, 

during withdrawal, (3) A limit on the magnitude of the S-IVB 

the -x axis of the CSM and the sun during docking, and (5) A 
restriction on the elevation of the sun at lunar landing to the 
range between 7 and 20 degrees above the eastern horizon. These 
constraints are collectively considered analytically to deter- 
mine the allowable S-IVB attitudes. 

'ON dd -(2) Satisfactory illumination of the S-IVB and SLA by the sun 

I allowable yaw maneuver, (4) A restriction on the angle between 

SEE REVERSE SIDE FOR DISTRIBUTION L I S T  
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BELLCOMM. INC. 
1100 Seventeenth Street, N.W. Washington, D. C. 20036 

SUBJECT: S-IVB A t t i t u d e  Dur ing  T r a n s p o s i t i o n ,  DATE: May 1 5 ,  1968 
Docking ,  and Withdrawal  on Lunar  
M i s s i o n s  - Case 310  FROM: L.  P .  G i e s e l e r  

TM- 6 8- 2 0 13- 1 

T E C H N I C A L  MEMORANDUM 

1 . 0  I N T R O D U C T I O N  

T h i s  memorandum i s  conce rned  w i t h  t h e  s e l e c t i o n  o f  
t h e  b e s t  i n e r t i a l  a t t i t u d e  of  t h e  S-IVB d u r i n g  t r a n s p o s i t i o n ,  
d o c k i n g ,  and w i t h d r a w a l  a n d  t h e  maneuver  r e q u i r e d  t o  a t t a i n  
t h i s  a t t i t u d e .  A s i m p l i f i e d  sun-earth-moon s y s t e m  i s  u s e d ,  
making p o s s i b l e  an  a n a l y t i c a l  f o r m u l a t i o n  o f  t h e  p rob lem.  
The emphas is  i s  on g a i n i n g  i n s i g h t  r a t h e r  t h a n  s o l v i n g  t h e  
p rob lem f o r  a p a r t i c u l a r  launch  d a t e .  

The body o f  t h e  memorandum p r e s e n t s  t h e  r e l e v a n t  
c o n s t r a i n t s  ( S e c t i o n  2 . 0 ) ;  t h e  c h a r a c t e r i s t i c s  o f  a t y p i c a l  
t r a n s l u n a r  t r a j e c t o r y  i n  a r e f e r e n c e  l u n a r - o r b i t - p l a n e  coor -  
d i n a t e  s y s t e m  ( S e c t i o n  3 . 0 ) ;  S-IVB v e h i c l e  a t t i t u d e  c o n s i d e r a -  
t i o n s  i n  l i g h t  o f  t h e  communicat ions c o n s t r a i n t  d u r i n g  t r a n s -  
p o s i t i o n ,  d o c k i n g  and  w i t h d r a w a l  ( S e c t i o n  4 . 0 ) ;  t h e  e x p e c t e d  
p o s i t i o n  o f  t h e  s u n  i n  t h e  r e f e r e n c e  c o o r d i n a t e  s y s t e m  f o r  
t h e  r a n g e  o f  l u n a r  l a n d i n g  s i t e s  u n d e r  c o n s i d e r a t i o n  ( S e c t i o n  
5 . 0 ) ;  t h e  i n c i d e n t  i l l u m i n a t i o n  on t h e  LM and  SLA d u r i n g  d o c k i n g  
and  w i t h d r a w a l  ( S e c t i o n  6 . 0 ) ;  t h e  maneuvers  r e q u i r e d  to r e a c h  
t h e  b e s t  a t t i t u d e  ( S e c t i o n  7 . 0 )  ; hardware m o d i f i c a t i o n s  
( S e c t i o n  8 . 0 ) ;  and f i n a l l y  t h e  c o n c l u s i o n s  ( S e c t i o n  9 . 0 ) .  
Appendix I g i v e s  a l i s t  of  symbols  and  t h e i r  d e f i n i t i o n s .  
D e r i v a t i o n  of t h e  e q u a t i o n s  g o v e r n i n g  a t t i t u d e  and a t t i t u d e  
maneuvers  i n  t h e  t h r e e - d i m e n s i o n a l  c a s e  a r e  c o n s i d e r e d  i n  
Appendices  I1 and 111. A method f o r  computing t h e  g imba l  
a n g l e s  o f  t h e  S-IVB s t a b l e  p l a t f o r m  i s  g i v e n  i n  Appendix I V .  

2.0 CONSTRAINTS 

Dur ing  t h e  f i r s t  t h r e e  h o u r s  a f t e r  t r a n s l u n a r  i n j e c -  
t i o n  ( T L I )  t h e  r a n g e  from t h e  v e h i c l e  to t h e  e a r t h  i n c r e a s e s  
from a b o u t  1 5 0  n .mi .  t o  n e a r l y  3 0 , 0 0 0  n .mi .  and  t h e  a n g l e  sub-  
t e n d e d  b y  t h e  e a r t h ,  as viewed from t h e  S-IVB, d e c r e a s e s  from 
a b o u t  1 4 6 O  t o  a p p r o x i m a t e l y  14 ' .  The e a r t h - v e h i c l e  l i n e  r o t a t e s  
t h r o u g h  a n  a n g l e  o f  125O. The S- IVB w i l l  b e  m a i n t a i n e d  a t  a 
c o n s t a n t  i n e r t i a l  a t t i t u d e  d u r i n g  t h e  t r a n s p o s i t i o n ,  d o c k i n g  
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and w i t h d r a w a l  maneuvers ,  which n o m i n a l l y  w i l l  o c c u r  be tween 
T L I  p l u s  .25 h o u r s  and T L I  p l u s  2 h o u r s .  Hence,  t h e  p o s i t i o n  
o f  t h e  e a r t h  as s e e n  from t h e  S-IVB w i l l  change  c o n s i d e r a b l y  
d u r i n g  these  maneuvers .  The p o s i t i o n  of  t h e  s u n ,  however ,  
w i l l  r ema in  n e a r l y  c o n s t a n t .  

F i v e  c o n s t r a i n t s  a r e  e s p e c i a l l y  i m p o r t a n t  d u r i n g  
t h i s  p o r t i o n  o f  an  A p o l l o  l u n a r  m i s s i o n :  

1. 

2. 

3. 

4. 

5 .  

Communication i s  r e q u i r e d  d u r i n g  t h e  t r a n s p o s i t i o n  
and d o c k i n g  p e r i o d  be tween t h e  S - I V B  and  t h e  
e a r t h .  ( R e f e r e n c e  1, S e c t i o n  1 . 0 ) .  The a p p r o x i -  
mate d i r e c t i o n  o f  t h e  a n t e n n a  a x i s  i s  shown i n  
F i g u r e  1. 

A l i n e  drawn from t h e  S - I V B  t o  t h e  s u n  s h o u l d  
pass t h r o u g h  t h e  shaded  area shown i n  F i g u r e  1, 
to i n s u r e  s a t i s f a c t o r y  i l l u m i n a t i o n  d u r i n g  t h e  
w i t h d r a w a l  of t h e  LM from t h e  S-IVB. ( R e f e r e n c e  
1, S e c t i o n  4 . 0 ) .  

A t t i t u d e  maneuvers  s h o u l d  b e  s u c h  t h a t  t h e  a n g l e  
be tween t h e  S-IVB x a x i s  and  t h e  e a r t h  p a r k i n g  
o r b i t  p l a n e  s h o u l d  n o t  e x c e e d  45". T h i s  con- 
s t r a i n t  i s  a r e s u l t  o f  a l i m i t a t i o n  on t h e  S a t u r n  
s t a b l e  p l a t f o r m  m i d d l e  g i m b a l  a n g l e .  ( R e f e r e n c e  
1, S e c t i o n  1.1.3). 

The a n g l e  be tween t h e  x a x i s  o f  t h e  CSM and t h e  
sun  s h o u l d  n o t  be  g r e a t e r  t h a n  g o o  d u r i n g  d o c k i n g .  
T h i s  w i l l  p r e v e n t  g l a r e  on t h e  S-IVB/LM from 
i n t e r f e r i n g  w i t h  v i s i b i l i t y  f rom t h e  C S M .  

The e l e v a t i o n  o f  t h e  s u n  above t h e  e a s t e r n  h o r i z o n  
a t  t h e  l u n a r  l a n d i n g  s i t e  s h o u l d  l i e  be tween 7 
and 2 0  d e g r e e s .  

3 . 0  TRAJECTORY CONSIDERATIONS 

F i g u r e s  2 and 3 show t h e  s i m p l i f i e d  sun-earth-moon 
s y s t e m  u s e d .  The x a x i s  h a s  a f i x e d  i n e r t i a l  d i r e c t i o n ,  and 
i s  t a k e n  to be t h e  earth-moon l i n e  when t h e  s p a c e c r a f t  i s  a t  
p e r i s e l e n e .  The xy p l a n e  c o i n c i d e s  w i t h  t h e  l u n a r  o r b i t a l  
p l a n e  w i t h  t h e  y a x i s  d i r e c t e d  as shown i n  F i g u r e  3.  The 

v e c t o r  Rsun, which p o i n t s  t o  t h e  s u n ,  i s  a l s o  l o c a t e d  i n  t h e  

xy p l a n e  and makes an a n g l e  8 w i t h  t h e  -y a x i s .  The 

e l e v a t i o n  of t h e  s u n  above  t h e  e a s t e r n  h o r i z o n  o f  t h e  l u n a r  
l a n d i n g  s i t e  i s  e q u a l  t o  t h e  a n g l e  between Rsun and  t h e  l o c a l  
h o r i z o n .  T h i s  a n g l e  d e t e r m i n e s  t h e  l i g h t i n g  c o n d i t i o n s  a t  
l u n a r  l a n d i n g .  

s u n  
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The c h a r a c t e r i s t i c s  of  a t y p i c a l  t r a n s l u n a r  e l l i p s e  
were t a k e n  from Refe rence  ( 2 ) ,  t h e  q u a n t i t i e s  u sed  a r e :  

- 
r a d i u s  v e c t o r  a t  t r a n s l u n a r  i n j e c t i o n  (TLI) 
(/Ell = 2 . 2 0 6  x 10 f t . )  7 R1 

V v e l o c i t y  a t  TLI (35,500 f t / s e c )  

B f l i g h t  p a t h  a n g l e  a t  T L I  ( 7 . 6 O )  

a n g l e  between R, and t h e  +x a x i s  (156') 

The f i r s t  t h r e e  q u a n t i t i e s  a re  s u f f i c i e n t  t o  d e f i n e  
t h e  shape  o f  t h e  e l l i p s e .  The a n g l e  between t h e  semi-major 
a x i s  and t h e  x a x i s  (e,) can  b e  d e t e r m i n e d  w i t h  s u f f i c i e n t  
a c c u r a c y  b y  E q u a t i o n  (1).  

= 180 - e l  - 2~ eA 

The s i m p l i f y i n g  a s sumpt ion  i s  made t h a t  t h e  t r u e  anomaly i s  
t w i c e  t h e  f l i g h t  p a t h  a n g l e .  

The v e c t o r  Rs i s  d i r e c t e d  from t h e  c e n t e r  o f  t h e  
e a r t h  t o  any p o i n t  on t h e  e l l i p s e .  The c o r r e s p o n d i n g  a n g l e  ' 
e s ,  as shown i n  F i g u r e  3 ,  can be c a l c u l a t e d  from E q u a t i o n  ( 2 )  

below,  w i t h  eA and t h e  t r u e  anomaly, f S ,  s p e c i f i e d .  

The need  f o r  t h e  a n g l e  os w i l l  become c l e a r  i n  S e c t i o n  6 where 
t h e  l i g h t i n g  c o n s t r a i n t  a t  wi thd rawa l  i s  d i s c u s s e d .  

4 . 0  VEHICLE ATTITUDE CONSIDERATI.ONS 

The S-IVB body c o o r d i n a t e  sys tem i s  d e s i g n a t e d  by 
t h e  u n i t  o r t h o g o n a l  v e c t o r s  XV, YV, and ZV which are a l s o  t h e  
a x e s  of  r o t a t i o n  f o r  roll, p i t c h ,  and yaw r e s p e c t i v e l y .  Be-  
tween T L I  + 0 and T L I  + l min. t h e  v e h i c l e  i s  h e l d  a t  a f i x e d  
i n e r t i a l  a t t i t u d e .  Between T L I  + 1 min.  and T L I  + 1 5  min. 
t h e  v e h i c l e  i s  o r i e n t e d  w i t h  XV a l o n g  t h e  l o c a l  h o r i z o n t a l  
and ZVtoward  t h e  c e n t e r  o f  t h e  e a r t h .  YV i s  d i r e c t e d  i n t o  
t h e  xy p l a n e  of F i g u r e s  2 and 3. The v e h i c l e  i s  t h e n  maneuvered 
t o  an  a t t i t u d e  which w i l l  remain f i x e d  d u r i n g  t h e  t r a n s p o s i t i o n  
and dock ing  p e r i o d .  T h i s  a t t i t u d e  i s  s e l e c t e d  t o  s a t i s f y ,  i f  
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p o s s i b l e ,  t h e  f i rs t  f o u r  c o n s t r a i n t s  l i s t e d  i n  S e c t i o n  2 .  
The f i f t h  c o n s t r a i n t ,  l i g h t i n g  a t  l u n a r  l a n d i n g ,  i s  s a t i s f i e d  
by p r o p e r  s e l e c t i o n  of  t h e  l aunch  da te .  The communication 
c o n s t r a i n t  (No. 1) i s  c o n s i d e r e d  t o  be more i m p o r t a n t  t h a n  
t h e  l i g h t i n g  c o n s t r a i n t s  (Nos. 2 and 4 ) .  

For t h e  a n a l y s i s  which f o l l o w s ,  t h e  a s sumpt ion  i s  
made t h a t  t h e  a n t e n n a s  o f  t h e  S-IVB are  p o i n t e d  e x a c t l y  i n  t h e  
+ZV d i r e c t i o n  and t h a t  t h e  a n t e n n a  p a t t e r n  has a c i r c u l a r  
symmetry abou t  t h e  + Z V  a x i s .  

A r e f e r e n c e  o r i e n t a t i o n  i s  e s t a b l i s h e d  i n  which t h e  
+ZV a x i s  p o i n t s  t o  t h e  c e n t e r  of t h e  e a r t h  a t  T L I  + 2 h o u r s  
and b o t h  ZV and XV a x e s  l i e  i n  t h e  v e h i c l e  o r b i t a l  p l a n e .  
From F i g u r e  2 i t  can  be  s e e n  t h a t  t h e  ZV a x i s  w i l l  p o i n t  t o  
t h e  l e f t  o f  t h e  c e n t e r  o f  t h e  e a r t h  b e f o r e  T L I  + 2 h o u r s ,  and 
t o  t h e  r i g h t  o f  i t  a f t e r  T L I  + 2 h o u r s .  T h i s  i s  d e m o n s t r a t e d  
i n  F i g u r e  4, where t h e  a n g l e  between t h e  ZV a x i s  and t h e  ea r th -  
v e h i c l e  l i n e  i s  p l o t t e d  a g a i n s t  r a n g e  t o  t h e  s u r f a c e  o f  t h e  
e a r t h .  T h i s  a n g l e  e q u a l s  55' a t  T L I  + . 2 5  h o u r s  when s e t  t o  
z e r o  a t  T L I  + 2 h o u r s ,  and w i l l  r e a c h  -7" a t  T L I  t 3 h o u r s .  
The a n g u l a r  r e l a t i o n s h i p  f o r  t h e  l i n e  from t h e  v e h i c l e  t o  t h e  
e a s t  and west l i m b s  of  t h e  e a r t h  i s  a l s o  shown. (For t h e  
same v e h i c l e  p o s i t i o n  t h e  r ange  for t h e s e  two c a s e s  i s  l a r g e r  
by  a p p r o x i m a t e l y  t h e  r a d i u s  o f  t h e  e a r t h . )  

The d o t t e d  c u r v e s  o f  F i g u r e  4 show a p p r o x i m a t e l y  
t h e  l i m i t  o f  s a t i s f a c t o r y  communication between t h e  e a r t h  
and t h e  S-IVB f o r  v a r i o u s  o f f - a x i s  a n g l e s .  It can  be  s e e n  
t h a t  f rom TLI  + 1 hour  t o  TLI  + 3 hour s  t h e  e n t i r e  ear th  i s  
w i t h i n  t h e  communication b o u n d a r i e s .  For t imes l e s s  t h a n  
one h o u r  t h e r e  w i l l  be d i f f i c u l t y  communicating w i t h  s t a t i o n s  
e a s t  of t h e  e a r t h ' s  s u b - v e h i c l e  p o i n t .  T h i s  c o n d i t i o n  c o u l d  
be a l l e v i a t e d  somewhat i f  t h e  v e h i c l e  were o r i e n t e d  s o  t h a t  
t h e  ZV a x i s  p o i n t e d  abou t  10' t o  t h e  eas t  o f  t h e  c e n t e r  o f  
t h e  e a r t h ,  or by u s i n g  T L I  t 1 . 5  h o u r s  f o r  t h e  r e f e r e n c e  
a t t i t u d e .  T h i s  o r i e n t a t i o n  would,  however,  l i m i t  communica- 
t i o n  n e a r  t h e  wes t  l i m b  a t  t h e  3-hour p o i n t .  

5 . 0  L I G H T I N G  C O N D I T I O N S  AT LUNAR L A N D I N G  

A s  shown i n  F i g u r e  3 t h e  moon moves from A t o  B 
d u r i n g  t h e  t ime t h a t  t h e  s p a c e c r a f t  i s  i n  t h e  l u n a r  p a r k i n g  
o r b i t .  
OB used  i n  t h i s  memorandum was d e t e r m i n e d  from t h e  f o l l o w i n g  
a s s u m p t i o n s  : 

I t  a l s o  r o t a t e s  t h rough  an  a n g l e  O B .  The v a l u e  o f  

1. Number o f  l u n a r  p a r k i n g  o r b i t  r e v o l u t i o n s  
p r i o r  t o  l a n d i n g  = 1 0 .  
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2 .  T i m e  p e r  r e v o l u t i o n  i n  p a r k i n g  o r b i t  = 2 h o u r s .  

3. Angular  v e l o c i t y  of t h e  moon = .5O/hr .  

Then eB = 1 0  x 2 x .5 = 10". The e l e v a t i o n  o f  t h e  

The e l e v a t i o n  o f  
s u n  above t h e  e a s t e r n  h o r i z o n  f o r  a l u n a r  l a n d i n g  s i t e  h a v i n g  
a l o n g i t u d e  ( A s )  o f  z e r o  e q u a l s  esun + e B .  
t h e  s u n  (Esm) a t  any l o n g i t u d e  may b e  d e t e r m i n e d  by e v a l u a t i n g  
t h e  f o l l o w i n g  r e l a t i o n s h i p  : 

- + eB + E s m  - 'sun 

The a n g l e s  A and Esm a re  r e s t r i c t e d  to t h e  r a n g e  -45O 
S 

< + 45" and 7" < ESm < 20" r e s p e c t i v e l y .  I n  t h i s  s i m -  
p l i f i e d  model t h e  s u n  i s  assumed t o  r ema in  f i x e d  d u r i n g  t h e  
t i m e  i n t e r v a l  between t h e  t r a n s p o s i t i o n  and  d o c k i n g  maneuver 
and  l u n a r  l a n d i n g  ( a b o u t  3 d a y s ) .  T h i s  w i l l  i n t r o d u c e  an  
e r r o r  of  a b o u t  3" i n  t h e  sun  d i r e c t i o n  a t  t r a n s p o s i t i o n  and  
d o c k i n g .  

< A s  

6 . 0  L I G H T I N G  CONDITIONS D U R I N G  TRANSPOSITION, 
D O C K I N G .  A N D  WITHDRAWAL 

(3) 

The i m p o r t a n t  p a r a m e t e r  f o r  d e t e r m i n i n g  l i g h t i n g  
c o n d i t i o n s  d u r i n g  t r a n s p o s i t i o n ,  d o c k i n g ,  and  w i t h d r a w a l  i s  

A e ,  t h e  a n g l e  be tween Rsun and t h e  XV a x i s .  
p r e v i o u s l y ,  i n  t h e  r e f e r e n c e  o r i e n t a t i o n  t h e  ZV a x i s  i s  a l i g n e d  
a l o n g  t h e  -RS2 d i r e c t i o n ,  w h e r e  E,, i s  t h e  p o s i t i o n  v e c t o r  
o f  t h e  p o i n t  on t h e  e l l i p s e  a t  T L I  + 2 h o u r s .  The ZV and  
t h e  XV a x e s  l i e  i n  t h e  v e h i c l e  o r b i t a l  p l a n e .  F o r  t h e  c a s e  
where  t h e  t r a n s l u n a r  t r a j e c t o r y  i s  i n  t h e  ear th-moon p l a n e ,  
t h e y  a l s o  l i e  i n  t h e  xy p l a n e .  Then from i n s p e c t i o n  o f  F i g u r e  3 ,  

A s  men t ioned  

- 

- 
F o r  o u t - o f - p l a n e  c a s e s  Rsun i s  assumed t o  r ema in  

i n  t h e  XY p l a n e ,  b u t  t h e  v e h i c l e  o r b i t a l  p l a n e  i s  r o t a t e d  
a b o u t  t h e  x a x i s  t h r o u g h  t h e  a n g l e  DL, t h e  d i h e d r a l  a n g l e  
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be tween  t h e  v e h i c l e  and t h e  l u n a r  o r b i t a l  p l a n e s .  Dur ing  
t h e  1963-1970 p e r i o d  t h i s  angle  v a r i e s  f rom 0 t o  6 2  degrees  
d e p e n d i n g  somewhat on t h e  l aunch  a z i m u t h  b u t  ma in ly  on t h e  
l u n a r  d e c l i n a t i o n .  The r e l a t i o n s h i p  be tween  DL and  t h e  
l u n a r  p o s i t i o n  f o r  t h e  two i n j e c t i o n  t y p e s  ( A t l a n t i c  and  
P a c i f i c )  i s  shown i n  F i g u r e  5 .  The r e l a t i o n s h i p  be tween  
t h e  a n g u l a r  p o s i t i o n  o f  t h e  moon and  da t e  i s  g i v e n  i n  T a b l e  
I f o r  1969 .  
c r i b e d  above ,  t h e  t r a j e c t o r y  o f  R e f e r e n c e  ( 2 )  c a n  b e  u s e d  
t o  c o n s i d e r  a l l  p r a c t i c a l  r a n g e s  o f  l a u n c h  az imuth  and  
l a u n c h  d a t e .  A d d i t i o n a l  i n f o r m a t i o n  a b o u t  t h e  a n g l e  DL,  
i n c l u d i n g  t h e  f o r m u l a s  t h a t  d e t e r m i n e  F i g u r e  5 ,  i s  g i v e n  
i n  R e f e r e n c e  (3), Appendix 11. 

By r o t a t i n g  t h e  v e h i c l e  o r b i t a l  p l a n e  as des- 

The a n g l e  Ae i s  computed f rom t h e  f o r m u l a :  

The c o m p u t a t i o n  of  ZV as a f u n c t i o n  o f  RS2 and DL i s  d i s c u s s e d  
i n  Appendix 11. F i g u r e  6 i s  a p l o t  o f  ne a g a i n s t  A s  f o r  v a r i o u s  
v a l u e s  o f  DL,  and  f o r  t h e  r e f e r e n c e  o r i e n t a t i o n .  Esm was 
assumed t o  e q u a l  10". When DL = 0 E q u a t i o n  (4) i s  v a l i d .  
S i n c e  es2 i s  c o n s t a n t  i t  can b e  s e e n  f rom t h e  e q u a t i o n  t h a t  
t h e  r e l a t i o n s h i p  i s  a s t r a i g h t  l i n e  h a v i n g  a s l o p e  o f  + 1. 
The l i g h t i n g  c o n s t r a i n t  for t h e  maneuver  i s  g i v e n  by t6e 
i n e q u a l i t y  l A e (  < 3 4 O ,  a s  i n d i c a t e d  i n  t h e  f i g u r e .  When 
DL = 0 t h i s  c o n s t r a l n t  i s  exceeded  f o r  v a l u e s  of A, L 
t h a n  -3".  A s  one would e x p e c t ,  ] A I 3 1  becomes l a r g e r  as DL 
i n c r e a s e s  f rom 0' t o  60" and t h e  l i g h t i n g  c o n d i t i o n s  become 
w o r s e .  

g r e a t e r  

6 . 1  R o t a t i o n  o f  t h e  V e h i c l e  About t h e  ZV Axis  

I n  F i g u r e  7 t h e  v e h i c l e  has b e e n  r o t a t e d  a b o u t  t h e  
ZV a x i s  ( t h e  yaw a x i s )  u n t i l  \ A 0 1  i s  min imized .  ( C o n s t r a i n t s  
on t h e  maximum a l l o w a b l e  S a t u r n  yaw are  i g n o r e d  f o r  t h e  p r e s e n t . )  
The d e t a i l s  of t h e  c a l c u l a t i o n  o f  f o r  t h i s  c a s e  a r e  a l s o  
g i v e n  i n  Appendix 11. A yaw maneuver  c a n n o t  r e d u c e  A 0  i n  t h e  
c a s e  where  DL = 0 ,  and t h e r e f o r e  t h e  r e l a t i o n s h i p  be tween  A8 
and  A s  i s  t h e  same as t h a t  shown i n  F i g u r e  6 .  T h i s  i s  c l e a r  
from E q u a t i o n  ( 8 )  of Appendix I1 which  shows t h a t  t h e  v a l u e  
of p r o d u c i n g  minimum l A e (  must  l i e  i n  t h e  R s u n ,  RS2 p l a n e ;  

- 
however ,  XV i s  i n  t h a t  p l a n e  f o r  DL = 0 .  
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A marked improvement i n  t h e  minimum v a l u e  o f  1Ae1 
i s  p o s s i b l e  when DL # 0 .  When DL = 60" ( a p p r o x i m a t e l y  t h e  
maximum i t  can  a t t a i n ) ,  xs can now b e  i n c r e a s e d  from -3" 
t o  t22" b e f o r e  t h e  i l l u m i n a t i o n  c o n s t r a i n t  i s  v i o l a t e d .  
Fo r  t h e  c a s e  DL = 60" and A s  = 0 ,  

18" by yawing t h e  v e h i c l e .  
i s  r e d u c e d  from 67" t o  

6 . 2  S - IVB Yaw C o n s t r a i n t  

The middle  g imba l  a n g l e  measures  t h e  amount t h a t  

The v a l u e  of  t h e  a n g l e  ( e m )  was c a l -  
t h e  S - I V B  x a x i s  has b e e n  r o t a t e d  o u t  o f  t h e  p l a n e  o f  t h e  
e a r t h  p a r k i n g  o r b i t .  
c u l a t e d  u s i n g  t h e  e q u a t i o n s  o f  Appendix I V .  Many v a l u e s  
of  DL and AS l ead  t o  v a l u e s  o f  I Om[ g r e a t e r  t h a n  45'. 
F i g u r e  8 shows t h e  r e l a t i o n s h i p  be tween A e ,  A s  and DL when 
t h e  c o n s t r a i n t  ( e m l  < 45" i s  added .  De ta i l s  o f  t h e  c a l c u l a -  
t i o n  o f  a re  g i v e n  i n  Appendix 11, and a d e s c r i p t i o n  of  
t h e  g imba l  s y s t e m  i s  g i v e n  i n  Anpendix I V .  From F i g u r e  8 
i t  can  b e  s e e n  t h a t  when DL = 6 0 ° ,  xs can  b e  i n c r e a s e d  t o  
+7" b e f o r e  t h e  l i g h t i n g  c o n s t r a i n t  i s  v i o l a t e d .  Comparing 
t h e  da ta  on F i g u r e s  7 and 8 f o r  t h e  c a s e  DL = 60" and xS = 0 ,  

A 0  e q u a l s  29" i n s t e a d  o f  t h e  18" o b t a i n e d  w i t h o u t  t he  r e s t r i c -  
t i o n  / e m l  < 45". 

6 . 3  A d d i t i o n a l  C o n s i d e r a t i o n s  

A f u r t h e r  r e s t r i c t i o n  imposed by t h e  l i g h t i n g  con- 
on s u n  d i t i o n s  d u r i n g  w i t h d r a w a l  i n v o l v e s  t h e  p r o j e c t i o n  o f  

t h e  YV-ZV Dlane.  
t h i s  v e c t o r  makes w i t h  t h e  -YV a x i s  s h o u l d  n o t  b e  s m a l l e r  
t h a n  3 0 " .  I t  i s  shown i n  Appendix I1 t h a t  t h i s  p r o j e c t i o n  of  

Rs un 
t a t ed  abou t  u n t i l  l a e l  i s  minimized .  A e l  t h e n  always 
e q u a l s  go" ,  r e g a r d l e s s  o f  t h e  v a l u e  of  DL and e,,,, and t h e  

r e s t r i c t i o n  i s  n o t  v i o l a t e d  f o r  t h e  c a s e s  p l o t t e d  i n  F i g u r e  7 .  

A s  shown i n  F i g u r e  1 t h e  a n g l e  a e l  which 

- 
always c o i n c i d e s  w i t h  t h e  ZV a x i s  i f  t h e  v e h i c l e  i s  r o -  

When t h e  c o n s t r a i n t  l e m l  < 45" i s  added,  n e l  may 
assume v a l u e s  d i f f e r e n t  from 90°. However i n  most o f  t h e  
c a s e s  r e p r e s e n t e d  b y  F i g u r e  8 ,  a e l  was g r e a t e r  t h a n  30°.  
The q u a n t i t i e s  A e  and xs a r e  i n d e p e n d e n t  o f  t h e  s i g n  o f  DL,  

and  t h e r e f o r e  on ly  p o s i t i v e  v a l u e s  are  p l o t t e d  i n  F i g u r e s  6 ,  
7 ,  and 8 .  However, a e l  does  depend upon t h e  s i g n  o f  DL, and 
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as i n d i c a t e d  i n  F i g u r e  8 ,  t h e  c o n s t r a i n t  on A B l  i s  v i o l a t e d  
o n l y  when DL approaches  + 6 0 ° .  T h i s  s i t u a t i o n  o c c u r s  r a t h e r  
i n f r e q u e n t l y ;  a check of  launch  o p p o r t u n i t i e s  i n  1 9 6 9  r e v e a l s  
t h a t  2 o u t  o f  48 t r a j e c t o r i e s  have  v a l u e s  o f  DLgreater  t h a n  55 
d e g r e e s .  Note t h a t  A B  for these c a s e s  i s  less  t h a n  15O, and 
t h e r e f o r e  Esun goes  th rough  t h e  e x c l u d e d  a r e a  o f  F i g u r e  1 n e a r  
t h e  apex o f  t h e  wedge. 

An a d d i t i o n a l  c o n s t r a i n t  (No. 4 of  S e c t i o n  2 . 0 )  
r e q u i r e s  t h a t  t h e  a n g l e  between t h e  -x a x i s  o f  t h e  a c t i v e  
v e h i c l e  and t h e  s u n  b e  n o t  g r e a t e r  t h a n  90" d u r i n g  d o c k i n g .  
( R e f e r e n c e  1, p a r a g r a p h  4 . 1 . 2 )  The  a c t i v e  v e h i c l e  i s  t h e  
CSM, whose -x a x i s  p o i n t s  i n  t h e  same d i r e c t i o n  as t h e  +x 
a x i s  o f  t h e  S- IVB d u r i n g  dock ing .  The a n g l e  i n v o l v e d  i s  A B ,  
t h e  same a n g l e  p l o t t e d  i n  F i g u r e  8 .  It can  b e  s e e n  t h a t  A 0  
i s  l e s s  t h a n  90" f o r  t h e  wors t  c a s e  (DL = 0); t h e r e f o r e ,  
t h i s  c o n s t r a i n t  i s  a l w a y s  s a t i s f i e d .  

E q u a t i o n  ( 3 )  can  b e  used  t o  e x t e n d  t h e  r e s u l t s  of  
F i g u r e s  6 ,  7 ,  and 8 t o  v a l u e s  o f  ESM o t h e r  t h a n  10'. 

number o f  l u n a r  p a r k i n g  r e v o l u t i o n s  p r i o r  t o  l a n d i n g  can  a l s o  
b e  d i f f e r e n t  f rom 10. The n e c e s s a r y  a d j u s t m e n t s  t o  t h e  f i g u r e s  
a re  g i v e n  be low:  

The 

For  Esm = 7 " ,  s h i f t  t h e  xS s c a l e  3" t o  t h e  r i g h t  

For ESm = 2 0 ° ,  s h i f t  t h e  A s  s c a l e  10' to t h e  l e f t  

s h i f t  t h e  AS s c a l e  1" to t h e  l e f t  For  9 LPO 
r e v o l u t i o n s  

For Lpo s h i f t  t h e  xS s c a l e  1" to t h e  r i g h t  r e v o l u t i o n s  

7 . 0  ATTITUDE MANEUVERS 

The S - I V B  must be changed from t h e  l o c a l  h o r i z o n t a l  
a t t i t u d e  shown i n  F i g u r e  3 a t  T L I  t . 2 5  h o u r s  t o  t h e  a t t i t u d e  
shown a t  T L I  t 2 h o u r s .  Two maneuvers  f o r  t h e  i n - p l a n e  c a s e  
( D L = O )  can  b e  d e t e r m i n e d  f r o m  i n s p e c t i o n  o f  t h e  f i g u r e .  Assume 
f o r  s i m p l i c i t y  t h a t  t h e  ZV1 and t h e  y a x i s  a re  p a r a l l e l .  Note 
t h a t  t h e  YV a x i s  a t  T L I  + .25 h o u r s  i s  d i r e c t e d  i n t o  t h e  p l a n e  
o f  t h e  pape r ,  whereas a t  T L I  t 2 h o u r s  i t  i s  d i r e c t e d  o u t  of 
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t h e  p a p e r .  From t h e  f i g u r e  i t  can  b e  s e e n  t h a t  a r o t a t i o n  o f  
180" a b o u t  t h e  XV a x i s  (roll) f o l l o w e d  by a n e g a t i v e  r o t a t i o n  
abou t  t h e  new YV ax i s  ( p i t c h )  b y  90" + es2 w i l l  pe r fo rm t h e  

r e q u i r e d  c o n v e r s i o n .  A r o t a t i o n  of (90 + e s 2 )  a b o u t  t h e  YV 

a x i s  f o l l o w e d  b y  a r o t a t i o n  of 1800 a b o u t  t h e  new XV a x i s  w i l l  
a l s o  work. I n  a d d i t i o n ,  a s i n g l e  r o t a t i o n  o f  180" abou t  a 
l i n e  which b i s e c t s  t h e  a n g l e  between X V 1  and XV2 w i l l  p e r f o r m  
t h e  r e q u i r e d  a t t i t u d e  change.  T h i s  l i n e  i s  i n d i c a t e d  b y  A-A 
i n  F i g u r e  3. The a n g l e  between A-A and t h e  x a x i s  i s  one -ha l f  
t h e  a n g l e  t h a t  XV2 makes w i L h  t h e  x a x i s  and e q u a l s  45' + e s 2 / 2  
as shown i n  t h e  f i g u r e .  

- - 

- 

F o r  t h e  c a s e  where t h e  t r a n s l u n a r  t r a j e c t o r y  i s  n o t  
i n  t h e  l u n a r  o r b i t a l  p l a n e  (DL # 0 ) ,  t h r e e  s u c c e s s i v e  r o t a t i o n s  
are g e n e r a l l y  r e q u i r e d .  The t h e o r y  of these  r o t a t i o n s  and a 
method o f  c a l c u l a t i n g  t h e  r e q u i r e d  a n g l e  i s  e x p l a i n e d  i n  
Appendix 111. A s  i n d i c a t e d  t he re  i t  i s  a l s o  p o s s i b l e  i n  t h i s  
c a s e  t o  p e r f o r m  a n  a t t i t u d e  change by means o f  a s i n g l e  r o t a -  
t i o n .  The ax i s  o f  r o t a t i o n  is  n o t  g e n e r a l l y  a l i g n e d  w i t h  t h e  
v e h i c l e  c o o r d i n a t e  a x e s .  

8 .0  HARDWARE MODIFICATIONS AFFECTING WITHDRAWAL I L L U M I N A T I O N  
CONSTRAINTS 

Two m o d i f i c a t i o n s  to e x i s t i n g  hardware are  b e i n g  
c o n s i d e r e d  which w i l l  a f f e c t  t h e  w i t h d r a w a l  l i g h t i n g  con- 
s t r a i n t  ( c o n s t r a i n t  2 o f  S e c t i o n  2 . 0 ) .  A s y s t e m  o f  s p r i n g s  
may be used  r a t h e r  t h a n  t h e  SM R C S  f o r  s e p a r a t i o n  o f  t h e  
CSM/LM combina t ion  from t h e  S-IVB.  The SLA p a n e l s  may b e  
e j e c t e d  r a the r  t h a n  swing ing  open as i s  done a t  p r e s e n t .  
The e x t e n t  of t h e  r e l a x a t i o n  o f  t h e  c o n s t r a i n t  w i l l  depend 
upon s i m u l a t i o n s  y e t  to be per formed.  The dock ing  c o n s t r a i n t  
( c o n s t r a i n t  4 of S e c t i o n  2 . 0 )  would p r o b a b l y  be u n a f f e c t e d  
by  these  changes .  However a s  i n d i c a t e d  i n  S e c t i o n  6 . 0  t h e  
wi thd rawa l  c o n s t r a i n t  i s  t h e  one t h a t  i s  v i o l a t e d  f o r  e a s t e r n  
l u n a r  l a n d i n g  s i t e s .  A r e l a x a t i o n  o f  t h e  w i t h d r a w a l  i l l u m i n a -  
t i o n  c o n s t r a i n t  t o  t h e  docking  c o n s t r a i n t  would a l l o w  a l l  
c o n s t r a i n t s  t o  be  m e t  f o r  l u n a r  l a n d i n g  s i t e s  i n  the  l o n g i -  
t u d e  r a n g e  of  - + 4 5 O .  

9 . 0  CONCLUSIONS 

S a t i s f a c t o r y  communication hetween t h e  S-IVB and 
t h e  e a r t h  from T L I  + 1 h o u r  t o  T L I  + 2 h o u r s  i s  a c h i e v e d  by 
o r i e n t i n g  t h e  S-IVB s o  t h a t  i t s  a n t e n n a s  p o i n t  t o  t h e  c e n t e r  
o f  t h e  ea r th  a t  T L I  + 2 hour s .  A t  t imes e a r l i e r  t h a n  T L I  + 
1 h o u r  t h e r e  may b e  d i f f i c u l t y  communicating w i t h  ground 
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s t a t i o n s  l b c a t e d  eas t  o f  t h e  s u b - v e h i c l e  p o i n t  on t h e  e a r t h .  
T h i s  can  b e  a l l e v i a t e d  somewhat b y  chang ing  t h e  o r i e n t a t i o n  
o f  t h e  S-IVB so t h a t  t h e  a n t e n n a s  p o i n t  a b o u t  10" t o  t h e  ea s t  
of t h e  c e n t e r  o f  t h e  e a r t h  a t  t h e  T L I  + 2 h o u r  p o i n t .  For 
t h i s  a t t i t u d e  t h e  communication a t  T L I  t 2 h o u r s  s t i l l  a p p e a r s  
t o  be s a t i s f a c t o r y .  

The a n g l e  between t h e  earth-moon l i n e  and a v e c t o r  
p o i n t i n g  t o  t h e  sun  can change as much as 103" as t h e  l u n a r  
l a n d i n g  s i t e  l o n g i t u d e  i s  v a r i e d  from -45" t o  +45" and t h e  
e l e v a t i o n  of t h e  sun  a t  t h e  l u n a r  l a n d i n g  s i t e  i s  v a r i e d  from 
7" t o  20". A s i m i l a r  v a r i a t i o n  i n  a n g l e  between t h e  S-IVB 
x a x i s  and t h e  sun  v e c t o r  a t  t r a n s p o s i t i o n ,  d o c k i n g ,  and w i t h -  
drawal w i l l  o c c u r  u n l e s s  t h e  a t t i t u d e  o f  t h e  S-IVB i s  p r o p e r l y  
a d j u s t e d  f o r  e a c h  m i s s i o n  o p p o r t u n i t y .  

F o r  i n - p l a n e  t r a j e c t o r i e s  (DL = 0 )  t h e  communication 
c o n s t r a i n t  p r e v e n t s  any a d j u s t m e n t  o f  S-IVB a t t i t u d e  e x c e p t  
f o r  a v a r i a t i o n  o f  a b o u t  10" made p o s s i b l e  by t h e  w i d t h  o f  
t h e  a n t e n n a  p a t t e r n .  I t  i s  shown t h a t  for l u n a r  l a n d i n g  l o n g i -  
t u d e s  ea s t  of  3" west l o n g i t u d e  t h e  l i g h t i n g  c o n d i t i o n s  d u r i n g  
t h e  w i t h d r a w a l  maneuver a r e  o u t s i d e  t h e  p r e s e n t  l i m i t  o f  - + 3 4 O .  

F o r  ou t -o f -p l ane  t r a j e c t o r i e s  i t  i s  p o s s i b l e  t o  
improve t h e  l i g h t i n g  c o n d i t i o n s  by r o t a t i n g  t h e  S-IVB a b o u t  
t h e  a n t e n n a  a x i s .  The improvement i s  i n  many c a s e s  l i m i t e d  
by a c o n s t r a i n t  on t h e  S a t u r n  V s t a b l e  p l a t f o r m  m i d d l e  g imba l  
a n g l e  and i s  n o t  g r e a t  enough t o  u n i v e r s a l l y  s a t i s f y  t h e  
withdrawal  l i g h t i n g  c o n d i t i o n s .  T h e  r e g i o n  o f  l u n a r  l a n d i n g  
l o n g i t u d e s  f o r  which wi thd rawa l  l i g h t i n g  i s  n o t  s a t i s f i e d  i s  
i n  t h i s  c a s e  r educed  t o  s i t e s  eas t  o f  7" ea s t  l o n g i t u d e .  

S p r i n g  w i t h d r a w a l  o f  t h e  LM and e j e c t i o n  o f  SLA 
p a n e l s  are  unde r  c o n s i d e r a t i o n .  These m o d i f i c a t i o n s ,  i f  
made, w i l l  r e l a x  t h e  wi thd rawa l  c o n s t r a i n t s ,  and  may p e r m i t  
a l l  c o n s t r a i n t s  t o  be s a t i s f i e d .  

20  13-LPG-s r b  

At tachments  
R e f e r e n c e s  
T a b l e  I 
F i g u r e s  1 t h r o u g h  13 
Appendices  I t h r o u g h  I V  
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APPENDIX I 

L i s t  o f  Symbols 

DL 

s m  E 

fS 

- 
RS 2 

- 
Rs un 

V 

x,  YY 
- 
XV, E, zv 

m, m, zv2 

D i h e d r a l  a n g l e  be tween t r a n s l u n a r  t r a j e c t o r y  
and l u n a r  o r b i t a l  p l a n e s  measured p o s i t i v e  
f o r  t r a j e c t o r i e s  above t h e  l u n a r  o r b i t  p l a n e .  

E l e v a t i o n  o f  t h e  sun  above t h e  e a s t e r n  
h o r i z o n  a t  t h e  l u n a r  l a n d i n g  s i t e .  

T rue  anomaly o f  a p o i n t  on t h e  e l l i p s e .  

Rad ius  v e c t o r  of v e h i c l e  a t  T L I .  

U n i t  v e c t o r  f rom t h e  c e n t e r  o f  t h e  e a r t h  to 
a p o i n t  on t h e  e l l i p s e .  

Same as Es e x c e p t  t h a t  t h e  p o i n t  on t h e  
e l l i p s e  i s  t h e  one l o c a t e d  2 h o u r s  from T L I .  

U n i t  v e c t o r  p o i n t i n g  to t h e  s u n .  

I n e r t i a l  v e l o c i t y  o f  v e h i c l e  a t  T L I ,  f . p . s .  

B a s i c  i n e r t i a l  c o o r d i n a t e  sys t em.  

U n i t  o r t h o g o n a l  c o o r d i n a t e  sys t em f i x e d  i n  
t h e  v e h i c l e .  
- 
XV, m, f o r  t h e  l o c a l  h o r i z o n  a t t i t u d e  
be tween T L I  and T L I  + .25 h o u r s .  

m, m, 
t h e  t r a n s p o s i t i o n  and dock ing  p e r i o d .  

f o r  t h e  v e h i c l e  a t t i t u d e  d u r i n g  

Amount o f  r o t a t i o n  abou t  a x i s  of r o t a t i o n ,  
deg  . 
Angle between t h e  T L I  p o i n t  and t h e  moon 
when t h e  s p a c e c r a f t  i s  a t  p e r i s e l e n e .  

Angle between semi-major a x i s  and x a x i s .  

I n n e r ,  m i d d l e ,  and o u t e r  g imba l  a n g l e s ,  
r e s p e c t i v e l y ,  o f  t h e  S a t u r n  s t a b l e  p l a t f o r m .  
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A 0  

A e l  

esun  

S e 

%2 

B 

A S 

F i n i t e  r o t a t i o n s  a b o u t  p i t c h ,  yaw and r o l l  
a x e s ,  r e s p e c t i v e l y .  

Angle between Rsun and XV2 a x i s .  
- 

Angle between t h e  p r o j e c t i o n  of Rsun on 
t h e  YV-ZV p l a n e  and t h e  -YV a x i s .  

Angle between Fsun and t h e  -y a x i s .  

Angle between Fs and t h e  x a x i s .  

Angle between rs2 and t h e  x a x i s .  

F l i g h t  p a t h  a n g l e  a t  T L I .  

Lunar  l o n g i t u d e  of  l a n d i n g  s i t e .  

Note :  A m a t r i x  i s  i d e n t i f i e d  b y  b r a c k e t s  [I. 



APPENDIX I1 

COMPUTATION OF VEHICLE ATTITUDE 

T h i s  append ix  d e s c r i b e s  t h e  method used  i n  t h i s  
s t u d y  for c a l c u l a t i n g  t h e  d i r e c t i o n  o f  t h e  v e h i c l e  roll a x i s  
(m) and t h e  c r i t i c a l  i l l u m i n a t i o n  a n g l e s  A 0  and A e l .  

ZV a x i s  i s  assumed t o  b e  d i r e c t e d  o p p o s i t e  t o  t h e  r a d i u s  
v e c t o r  a t  T L I  + 2 h o u r s .  

The 

A .  Computat ion o f  xv2 for t h e  Refe rence  O r i e n t a t i o n  ( F i g u r e  6 ) .  

R e f e r r i n g  t o  F i g u r e  3,  es2 can  be computed from 
K e p l e r ' s  e q u a t i o n  and Equa t ion  ( 2 ) .  For t h e  i n - p l a n e  c a s e  
(DL=O), t h e  d i r e c t i o n  c o s i n e s  of  xv2 a r e :  

XV2x = - s i n  e s 2  

xv2 = - cos  es2 
Y 

xv2z = 0 

- 
For  DL # 0 ,  XV2 m u s t  b e  r o t a t e d  a b o u t  t h e  x a x i s  

b y  t h e  a n g l e  DL. The r e q u i r e d  f o r m u l a  i s :  

- - xv2' = X ( X V 2  X )  (1 - C O S  DL)  + xV2 C O S  DL 

+ (xv2 x X) s i n  DL (7) 

where m' i s  t h e  r o t a t e d  v e c t o r  and x i s  t h e  v e c t o r  (1, 0 ,  0 ) .  
E q u a t i o n  ( 7 )  i s  d i s c u s s e d  i n  Re fe rence  (4). 

- B .  Computat ion o f  xv2 f o r  Minimum I n e l  ( F i g u r e  7 ) .  

F i g u r e  9 i s  a p i c t o r i a l  view of  v e c t o r s  R xv2 s u n '  
and RS2, assuming t h a t  t h e y  have  a l l  been  t r a n s l a t e d  to t h e  

c e n t e r  of a u n i t  s p h e r e .  The b a s i c  c o o r d i n a t e  sys t em i s  t h e  
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same as t h a t  o f  F i g u r e s  2 and 3.  The i n t e r s e c t i o n  o f  t h e  

p l a n e  d e f i n e d  b y  Rsun and Rs2 w i t h  t h e  s u r f a c e  o f  t h e  s p h e r e  
i s  shown i n  t h e  f i g u r e  as arc A-A. 

- 
I t  i s  known t h a t  XV2 must  b e  p e r p e n d i c u l a r  t o  Es2 

- 
( s i n c e  -ZV i s  c o l i n e a r  w i t h  R s 2 ) .  
a b o u t  Es2 as an a x i s ,  xv2 sweeps o u t  a second  p l a n e  B-B which 
i s  p e r p e n d i c u l a r  t o  t h e  f i r s t .  It i s  e v i d e n t  f rom F i g u r e  9 
t h a t  t h e  minimum a n g l e  between xv2 and Rsun w i l l  b e  o b t a i n e d  
when XV2 l i e s  i n  p l a n e  A-A. 

i s  a v e c t o r  i n  t h e  p l a n e  o f  Rsun and RS2, and normal  t o  Rs2. 
Then 

When t h e  v e h i c l e  i s  r o t a t e d  

- - - 
Rsun  X RS2 i s  a v e c t o r  perpen-  

- 
d i c u l a r  t o  t h e  p l a n e  of Rsun and E,,, and Rs2 x (Esun x R S 2 )  

I n  F i g u r e  9 ,  p l a n e s  A-A and B-B a r e  t h e  XV-ZV and 
XV-YV p l a n e s ,  r e s p e c t i v e l y ,  for t h e  o r i e n t a t i o n  above .  The 
YV-ZV p l a n e  i s  p e r p e n d i c u l a r  t o  these  two p l a n e s ,  and i s  
i n d i c a t e d  by C-C i n  t h e  f i g u r e .  The p r o j e c t i o n  o f  Rsun 
on t h e  YV-ZV p l a n e  can  be s e e n  t o  l i e  a l o n g  v e c t o r  Fs2 which 
makes a 90" a n g l e  w i t h  YV2. Ael t h e n  a lways  e q u a l s  90", 
r e g a r d l e s s  o f  t h e  v a l u e  of B s 2  and  DL, when t h e  S a t u r n  yaw 
c o n s t r a i n t  i s  n o t  c o n s i d e r e d .  

- 

C .  Computat ion of  xv2 and A e l  w i t h  l e m l  C o n s t r a i n e d  t o  
< 45' ( F i g u r e  8). 

- -1 It i s  shown i n  Appendix I V  t h a t  O m  = s i n  

When l e m l  > 45" f o r  t h e  a t t i t u d e  computed i n  B above ,  a new 
a t t i t u d e  s h o u l d  b e  computed for which l e m [  = 45". 
m a t i c a l l y  done by r o t a t i n g  YV1 a b o u t  Es2 t h r o u g h  45", u s i n g  
E q u a t i o n  ( 7 ) .  The r e s u l t i n g  v e c t o r  i s  s e t  e q u a l  t o  XV2. 

(m XV2). 

T h i s  i s  mathe- - 
- 
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The d i r e c t i o n  o f  r o t a t i o n  i s  i m p o r t a n t ,  and i n  c a l c u l a t i n g  
t h e  da ta  o f  F i g u r e  8 ,  b o t h  d i r e c t i o n s  were u s e d .  The s e l e c t e d  
a t t i t u d e  was t h e  one w i t h  t h e  smal les t  A e .  

To c a l c u l a t e  A e l ,  i t  i s  n e c e s s a r y  t o  d e t e r m i n e  t h e  

p r o j e c t i o n s  o f  t h e  sun  v e c t o r  on t h e  Zv and -m axes of  F ig-  

u r e  1. 
- 

These are  e q u a l  t o  Rsun and Esun -YV2 respec-  

t i v e l y .  Then A e l  = tan-’ ‘(Rsun ZV2) / (Ksun ’ - Y E ) ] .  
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FORMULAS FOR C O M P U T I N G  ATTITUDE MANEUVERS 

The problem t o  b e  s o l v e d  i n  t h i s  Appendix can  be 
e x p r e s s e d  m a t h e m a t i c a l l y  as f o l l o w s :  Given a v e h i c l e - f i x e d  
c o o r d i n a t e  sys tem i n  an  i n i t i a l  a t t i t u d e  d e f i n e d  by t h e  t h r e e  
o r t h o g o n a l  u n i t  v e c t o r s  XV1, Y V 1 ,  and Z V 1 ,  and t h e  same co- 
o r d i n a t e  s y s t e m  i n  a f i n a l  a t t i t u d e  XV2, Y V 2 ,  and ZV2.  (These  
q u a n t i t i e s  are  a l l  v e c t o r s  hav ing  3 components i n  t h e  b a s i c  
x ,  y ,  z c o o r d i n a t e  sys t em of F i g u r e  3.  F o r  s i m p l i c i t y  t h e  ba r  
o v e r  t h e  v e c t o r s  w i l l  b e  o m i t t e d . )  I t  i s  r e q u i r e d  t o  f i n d  t h e  
s i n g l e  r o t a t i o n  which w i l l  t r a n s f o r m  t h e  i n i t i a l  a t t i t u d e  t o  
t h e  f i n a l  one .  Both t h e  d i r e c t i o n  c o s i n e s  o f  t h e  ax i s  of  r o t a -  
t i o n  and t h e  magni tude  o f  t h e  a n g l e  o f  r o t a t i o n  are  r e q u i r e d .  
It  i s  a l s o  r e q u i r e d  t o  f i n d  t h r e e  s u c c e s s i v e  r o t a t i o n s  a b o u t  
t h e  v e h i c l e  axes which w i l l  e f f e c t  t h e  same t r a n s f o r m a t i o n .  
The p i t c h ,  yaw, roll maneuver w i l l  b e  u sed .  However t h e  t e c h -  
n i q u e  d e s c r i b e d  i s  g e n e r a l  enough t o  a p p l y  t o  any o t h e r  pos-  
s i b l e  maneuver.  

The b a s i c  e q u a t i o n s  are ( R e f e r e n c e  3 ,  pp.  9 5 ) :  

xv2 = ( X V 2 * X V 1 ) X V 1  t ( X V 2 . Y V l ) Y V l  t ( X V 2 * Z V 1 ) Z V 1  
YV2 = ( Y V 2 * X V l ) X V l  t ( Y V 2 * Y V l ) Y V l  t ( Y V 2 * Z V l ) Z V l  ( 9 )  
zv2 = ( Z V 2 * X V 1 ) X V 1  t ( Z V 2 * Y V l ) Y V l  t ( Z V 2 . Z V 1 ) Z V 1  

The t r a n s f o r m a t i o n  m a t r i x  [TMl i s  g i v e n  by:  

- 
all a12 a13 

I 
I 
i [TM] = I a21 a22 

where 

all = X V 2 . X V l ;  a12 = X V 2 . Y V l ;  a13 = X V 2 . Z V 1  

= Z V 2 - X V 1 ;  a = Z V 2 - Y V 1 ;  a = Z V 2 . Z V 1  “31 32 33 
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E q u a t i o n  ( 9 )  i s  t h e n  e q u i v a l e n t  t o  t h e  m a t r i x  
e q u a t i o n  : 

- -  - -  
xv2 xv1 I 
YV2 = [TM] i Y V 1 ’  

I 

zv2 I ZV1’ 

L e t  B be  t h e  v e c t o r  a x i s  o f  r o t a t i o n  w i t h  components 
B i n  t h e  v e h i c l e  c o o r d i n a t e  sys t em and components 

B B Z  i n  t h e  b a s i c  c o o r d i n a t e  sys t em.  From R e f e r e n c e  3 ,  
BxV, yv’ BZv 

Bx’ y’  
PP 119, 

It i s  known t h a t  t h e  d e t e r m i n a n t  made up o f  c o e f f i -  
c i e n t s  o f  E q u a t i o n  13  e q u a l s  z e r o ,  and t h a t  a s o l u t i o n  can  b e  
o b t a i n e d  by u s i n g  any two o f  t h e  e q u a t i o n s  t o  s o l v e  f o r  two o f  
t h e  unknowns i n  terms o f  t h e  t h i r d .  F o r  example:  

a13a21 -“23 
B Z V  

Y V  (all-l ( a22-1 )  - a 1 2 a 2 1  
B =  

N o w  l e t  BZv  = 1, and r =VB 2 t B 2 +-l-. Then i f  
- xv Y V  b i s  a u n i t  v e c t o r  c o r r e s p o n d i n g  t o  B ,  bxv  - - B x v / r ,  byv  - 

B y v / r ,  and bZv  = l /r .  These d i r e c t i o n  c o s i n e s  a re  r e f e r r e d  t o  
e i t h e r  of t h e  two se ts  of v e h i c l e  a x e s .  The d i r e c t i o n  c o s i n e s  
r e f e r r ed  t o  t h e  b a s i c  c o o r d i n a t e  s y s t e m  a re  g i v e n  by :  



c 
a> 3 * -  
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- X V l x  + b Y V l x  + bZv Z V l x  
blx - bxv Y V  

b l z  - bxv Y V  

b l  = bxv XV1 + b YV1 + b Z v  Z V l y  (15) Y Y Y V  Y 

- X V l z  + b Y V l z  + b Z v  ZVlz 

The above e q u a t i o n s  are s imi l a r  t o  one o f  t h e  equa- 
t i o n s  (9) w i t h  t h e  components w r i t t e n  o u t  i n  d e t a i l .  The s i n g l e  
r o t a t i o n  a n g l e  $ which c o r r e s p o n d s  t o  t h e  above a x i s  of  r o t a t i o n  
i s  g i v e n  by ( R e f e r e n c e  3 ,  pp.123-124):  

1 + a  -1) (16) 2 (all + "22 33 C O S $  = - 

The a n g u l a r  v e l o c i t y  w a b o u t  t h e  a x i s  o f  r o t a t i o n  i s  
e q u a l  t o  $ / T ,  where T i s  t h e  t i m e  r e q u i r e d  t o  pe r fo rm t h e  a t t i -  
t u d e  change maneuver.  S i n c e  w i s  a v e c t o r  q u a n t i t y  ( a s  opposed 
t o  s e q u e n t i a l  r o t a t i o n s ) ,  i t  can  be  r e s o l v e d  i n t o  i t s  components 
w w and w Z v .  These a re  t h e  v e h i c l e  roll, p i t c h ,  and yaw 

r a t e s  r e s p e c t i v e l y ,  a p p l i e d  s i m u l t a n e o u s l y .  Then 
X V '  yv 

w - $  xv - T bxv 

w = $ x b  
Y V  Y V  

w - +  z v  - T bZv 

The v a r i a t i o n  of  t h e  above q u a n t i t i e s  as DL i s  changed 
= 0 .  Note sun  from - 60° t o  + 60" i s  shown i n  F i g u r e  1 0  f o r  6 

t h a t  t h e  t o t a l  a n g l e  i s  g r e a t e s t  a t  DL = 0 ,  where i t  e q u a l s  e i t h e r  
+180° o r  - 180". These two q u a n t i t i e s  a re  m a t h e m a t i c a l l y  e q u i v a -  
l e n t  s i n c e  UT = ~ ~ O O - ~ T .  However p h y s i c a l l y  t h e y  c o r r e s p o n d  t o  
r o t a t i o n  r a t e s  h a v i n g  o p p o s i t e  d i r e c t i o n s .  The d i s c o n t i n u i t i e s  
shown can  b e  a v o i d e d  by c o n f i n i n g  t h e  c u r v e  f o r  t h e  t o t a l  a n g l e  
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t o  p o s i t i v e  v a l u e s  o n l y .  The d o t t e d  c u r v e s  w i l l  t h e n  r e s u l t .  
However t h e  a n g l e  t h r o u g h  which t h e  v e h i c l e  must  b e  r o t a t e d  
i s  grea te r  t h a n  b e f o r e ,  and t h i s  maneuver would n o t  n o r m a l l y  
b e  as d e s i r a b l e .  

The t r a n s f o r m a t i o n  m a t r i c e s  f o r  s e q u e n t i a l  r o t a t i o n s  
a b o u t  t h e  v e h i c l e  a x e s  a re :  ( R e f e r e n c e  3 ,  p p .  109) 

- 
.1 0 

R [ROLL] = $0 c o s e  
I 

R i 0  - s i n e  
I _  
- 

0 i cose  P 

[PITCH] = 1 0 1 
I 

0 
i ; s i n e  P 

7 

0 
I 

s i n e  f 

coseR I 
R 

d 

i i 
[YAW] = / - s iney  cosey  01 

i 

The t r a n s f o r m a t i o n  m a t r i x  f o r  t h e  
maneuver i s  g i v e n  by 

p i t c h ,  yaw, roll 

Upon m u l t i p l y i n g  ou t  t h e  m a t r i c e s  w e  o b t a i n  

all = cosey cosep 

a12 = s i n e y  

= -cosey s i n e p  a13 

a22  = CoseR cosey 

a32 = - s i n e R  cosey  
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From ( 2 0 b )  

It  i s  known t h a t  % i s  r e s t r i c t e d  t o  t h e  f i r s t  and 
f o u r t h  q u a d r a n t s .  Then c o s  % i s  p o s i t i v e ,  and from ( 2 0 a )  and 
( 2 0 c )  

1 3  -180" i ep s +180° -1 -a eP = t a n  

A l s o  from ( 2 0 d )  and (20e) 

32 
a3 3 

-1800 ,< eR., < +180° -1 -a O R  = t a n  
L L  

The v a r i a t i o n  o f  t h e  above  q u a n t i t i e s  as DL i s  changed 
from -60" t o  +60" i s  shown i n  F i g u r e  11 f o r  e = 0" .  When s u n  
DL = 0, ey = 0 ,  and t h e  maneuver d e g e n e r a t e s  i n t o  t h e  p i t c h ,  roll 
maneuver  d e s c r i b e d  i n  S e c t i o n  7 . 0 .  
shown. F i g u r e  11 i n d i c a t e s  t h a t  eR i s  c o n s t a n t  a t  180~. 

F o r  DL = * 6 0 ° ,  By = 165O, as 

From 

e q u a t i o n  ( 2 3 1 ,  a32 must e q u a l  z e r o  and from e q u a t i o n  (111, t h i s  

means t h a t  ZV2 must be  p e r p e n d i c u l a r  t o  Y V 1  r e g a r d l e s s  o f  t h e  
v a l u e  of DL. A s t u d y  of F i g u r e  3 w i l l  show t h a t  t h i s  i s  i n d e e d  
t h e  c a s e .  I n  a d d i t i o n  i t  can b e  s e e n  t h a t  OR = 180" r e g a r d l e s s  
of t h e  v a l u e  of esun .  

F i g u r e  11 a l s o  i n d i c a t e s  t h a t  i s  c o n s t a n t  a t  120'. 

From e q u a t i o n  ( 2 2 )  t h i s  means t h a t  a13/all i s  i n d e p e n d e n t  of DL. 

However t h i s  r e l a t i o n s h i p  i s  t o o  complex t o  v i s u a l i z e  d i r e c t l y  
from F i g u r e  3. 

The above method of d e t e r m i n i n g  BP, ey and 8 can  be R 
a p p l i e d  t o  any maneuver made up of s e q u e n t i a l  r o t a t i o n s  a b o u t  



o r t h o g o n a l  v e h i c l e - f i x e d  axes .  It i s  o n l y  n e c e s s a r y  t o  change 
e q u a t i o n  (19) t o  conform t o  t h e  des i red  maneuver sequence ,  and 
t h e n  t o  p e r f o r m  t h e  r e q u i r e d  m a t r i x  m u l t i p l i c a t i o n s  u s i n g  equa- 
t i o n  ( 1 8 ) .  The r o t a t i o n  a n g l e s  can  t h e n  be c a l c u l a t e d  from f i v e  
o f  t h e  n i n e  e l e m e n t s .  It  i s  n o t  n e c e s s a r y  t h a t  t h e  maneuver u s e  
a l l  t h r e e  v e h i c l e  a x e s .  I n  f a c t  t h e  c l a s s i c a l  E u l e r  a n g l e s  as 
d e s c r i b e d  i n  Refe rence  ( 3 )  pp. 1 0 7  c o r r e s p o n d  t o  t h e  e q u a t i o n  

[TM] = [yaw] [roll] [yaw] 

Upon m u l t i p l y i n g  o u t  t h e  m a t r i c e s  u s i n g  e q u a t i o n  ( 1 8 )  
i t  i s  found t h a t  

-1 
a33 

e = COS 

-1 “31 4 = t a n  - 
-a32 

-1 a13 JI = t a n  - 
“2 3 

where e i s  t h e  roll a n g l e ,  0 t h e  f i r s t  yaw a n g l e ,  and $ t h e  
second .  These a re  a l s o  t h e  E u l e r  a n g l e s .  
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GIMBAL ANGLES 

The s t a b l e  p l a t f o r m  o f  t h e  g u i d a n c e  sys t em i s  
connec ted  t o  t h e  s p a c e  v e h i c l e  as shown i n  F i g u r e  1 2 .  The 
i n n e r ,  middle ,  and o u t e r  g imbal  a n g l e s  a re  shown t h e r e  as 

These a n g l e s  a re  assumed t o  
be  r e f e r e n c e d  t o  a z e r o  p o s i t i o n  which i s  l e f t  u n s p e c i f i e d .  
The magni tude  o f  t hese  a n g l e s  as computed below t h e n  r e p r e -  
s e n t s  a g imba l  a n g l e  change r e s u l t i n g  from a maneuver f rom 
one a t t i t u d e  t o  a n o t h e r .  F i g u r e  1 2  a l s o  shows t h e  o r i e n t a -  
t i o n  o f  t h e  v e h i c l e - f i x e d  c o o r d i n a t e  sys t em a t  l a u n c h ,  
i n d i c a t i n g  t h a t  O i  i s  a s s o c i a t e d  w i t h  p i t c h ,  8, w i t h  yaw, 
and  e o  w i t h  roll. 
by subsequen t  v e h i c l e  maneuvers ,  e x c e p t  for e o ,  which i s  
a lways  a s s o c i a t e d  w i t h  roll. 

em, and e o  r e s p e c t i v e l y .  

T h i s  r e l a t i o n s h i p  however may b e  changed 

The s t a b l e  p l a t f o r m  rema ins  i n  a f i x e d  a t t i t u d e  i n  
i n e r t i a l  s p a c e .  
which b r i n g s  t h e  e i  a x i s  c o i n c i d e n t  w i t h  t h e  e o  a x i s .  

must b e  r e s t r i c t e d  t o  a r a n g e  o f  v a l u e s  c e n t e r e d  a b o u t  'rn 
t h e  v a l u e  f o r  which t h e  B o  and ei a x i s  are  p e r p e n d i c u l a r .  

and em however can  take on any v a l u e  w i t h o u t  a f f e c t i n g  'i 
t h e  o r i e n t a t i o n  o f  t h e  g imbal  a x e s  r e l a t i v e  t o  e a c h  o t h e r .  
I n  a d d i t i o n  ei can  b e  v a r i e d  f r e e l y  w i t h o u t  chang ing  t h e  

g imba l  a x e s  r e l a t i v e  t o  t h e  v e h i c l e  a x e s .  T h i s  means t h a t  
when s t a r t i n g  from t h e  c o n f i g u r a t i o n  o f  F i g u r e  1 2  t h e  v e h i c l e  
c a n  be p i t c h e d  by any amount w i t h o u t  chang ing  t h e  r e l a t i v e  
o r i e n t a t i o n  o f  t h e  v a r i o u s  c o o r d i n a t e  a x e s  shown t h e r e .  The 
t h e o r e t i c a l  development  g i v e n  i n  Appendix I11 r e q u i r e s  t h a t  
t h e  t h r e e  a x e s  o f  r o t a t i o n  b e  m u t u a l l y  p e r p e n d i c u l a r  a t  a l l  
t imes .  For  t h i s  r e a s o n  t h e  a t t i t u d e  maneuvers  d e s c r i b e d  
t h e r e  canno t  u s e  t h e  g imbal  a x e s  as a x e s  o f  r o t a t i o n .  

G i m b a l  l o c k  o c c u r s  when em assumes a v a l u e  
Thus 

It  was i n d i c a t e d  i n  S e c t i o n  7 . 0  t h a t  t h e  same 
f i n a l  a t t i t u d e  can  b e  a c h i e v e d  by a number o f  d i f f e r e n t  
maneuvers .  However t h e  c o n s t r u c t i o n  o f  t h e  g i m b a l s  g i v e s  
a p a r t i c u l a r  i m p o r t a n c e  t o  s u c c e s s i v e  r o t a t i o n s  i n  p i t c h ,  
yaw, and roll. When s t a r t i n g  f rom t h e  c o n f i g u r a t i o n  o f  
F i g u r e  1 2  t h i s  maneuver w i l l  r e s u l t  i n  changes  i n  e i ,  em, 
and e o  which are  r e s p e c t i v e l y  e q u a l  t o  t h e  p i t c h ,  yaw, and 
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roll r o t a t i o n s .  
d u r i n g  t h e  yaw r o t a t i o n  on ly  em w i l l  change ,  and d u r i n g  t h e  roll 
r o t a t i o n  o n l y  e o  w i l l  change.  E q u a t i o n s  ( 2 1 1 ,  ( 2 2 1 ,  and ( 2 3 )  
of Appendix I11 t h e n  a l s o  app ly  t o  t h e  g i m b a l  a n g l e s ,  even  if 
t h e  p i t c h ,  yaw, roll sequence  i s  n o t  t h e  one t h a t  i s  a c t u a l l y  
u s e d .  

Dur ing  t h e  p i t c h  r o t a t i o n  o n l y  e i  w i l l  change ,  

The e q u a t i o n  for em i s  e s p e c i a l l y  s i m p l e :  

T h i s  e q u a t i o n  was used  t o  compute em for t h e  same 
v a l u e s  of DL and A s  p l o t t e d  i n  F i g u r e  7 .  
i n  F i g u r e  13 .  
i n d i c a t e d  i n  t h e  f i g u r e .  It c a n  be  s e e n  t h a t  p o s i t i v e  v a l u e s  
o f  A S  and l a r g e  v a l u e s  of DL t e n d  t o  g i v e  u n a c c e p t a b l y  l a r g e  
v a l u e s  of em. 
t h e  i n n e r  and o u t e r  g imba l  axes  a r e  p e r p e n d i c u l a r .  

The r e s u l t s  a re  shown 
A maximum a c c e p t a b l e  v a l u e  of 45' for O m  i s  a l s o  

T h i s  assumes t h a t  p r i o r  t o  t h e  a t t i t u d e  maneuver 


